The effect of supplementation on the feeding and ruminating behaviour of sheep fed on low quality roughage was assessed at the Shimane University Animal Farm, Japan, in 1993. Four Japanese Corriedale wethers were used for four periods in a 4i4 Latin square design. The initial 10 days of each period were for adaptation by the sheep to their new environment and diets, followed by 5 and 7 days for rumination studies and digestibility trials, respectively. The four diets were : rice straw alone (RSA), rice strawjsoyabean meal (RSS), barley strawjmolasses meal (BSM) and barley strawjmolasses mealjsoyabean meal (BSS). Animals on the RSA and BSM diets spent less time eating (305 and 278 min\day respectively) and ate at a slower rate (1n8 g DM\min) than those on the RSS and BSS diets. Although there were no significant differences between treatments (P 0n01) in the number of rumination periods per day, animals on the RSA and BSM diets spent a longer time ruminating per 100 g NDF intake and exhibited slower chewing rates than those on the other diets. Cyclic rate and rumination indexes were both higher for RSA than for other treatment diets. The results show that sheep on the RSA and BSM diets spent less time eating and that those on RSA spent significantly (P 0n05) more time ruminating than those on supplemented diets. Animals on RSA and RSS generally regurgitated more boli but there was no significant difference (P 0n05) in chewing rates between the diets. However, generally, animals on RSA, in addition to regurgitating more boli, also had lower chewing rates, indicating more efficient rumination activity. The judicious use of small amounts of readily degradable nutrients, especially protein, will improve the rumination behaviour of sheep fed on low quality roughage diets, most probably through an improvement in microbial activity. This will result in a higher fibre digestion rate and an increase in the production of ruminal fermentation by-products, compensating for the loss in rumination efficiency.
INTRODUCTION
Low quality roughage, including cereal crop residues, hays and roadside grasses, commonly forms the staple diet of ruminants in tropical areas. Such feeds are characterized by their high fibre and low crude protein contents, are poorly digested and have low metabolizability. To meet maintenance and production requirements, ruminants fed on low quality roughage diets need to be supplemented with high quality concentrates or to be fed alkali-treated roughage (to improve digestibility).
The amount of fibrous residues in the rumen of animals fed on low quality and poorly digested roughage is a major factor restricting voluntary food intake. Rumen load is relieved by clearance of the residues by the processes of digestion and passage to the post-ruminal tract. The rate of digestion of plant cell wall is dependent on sufficient nitrogen and readily available energy for rumen microbial growth, their access to the cell wall carbohydrate, and particle size reduction. The two competitive processes of reduction in particle size and passage of small particles determine fermentation time and are modulated by the animal (Wilson & Kennedy 1996) through ingestive chewing, ruminative chewing and passage from the reticulo-rumen. Campling et al. (1962) suggested that there are important interactions between chewing and microbial degradation. Under marginal conditions in which food is scarce, a ruminant reduces the force or frequency of its ruminal contractions, which prolongs the residency time of the small food particles in the rumen and thus maximizes the digestive recovery of nutrients per weight of food. In contrast, ruminants fed on adequate amounts of low quality fibrous diets maximize nutrient yield by increasing rumination and rate of passage (rumination time rarely exceeds 12 h) (Kennedy & Doyle 1993) . However, as the fibre content of the forage increases, ruminants may have more difficulty in forming a bolus, which affects both eating and rumination behaviour, and hence intake (Harumoto & Kato 1978 ; Fujihara & Nakao 1982) . Increasing the protein (Fujihara & Nakao 1984) and\or energy supply (Weston 1996) to the rumen will compensate for the loss in rumination efficiency under the above feeding conditions by maintaining the optimal ruminal ammonia concentration for maximal microbial growth (other factors affecting microbial growth being constant) and fibre digestion. This work aims to examine the effects of protein and\or energy supplementation on chewing and eating characteristics as well as on the rumination behaviour of sheep fed a low quality roughage (rice or barley straw). In this study, we made use of several estimates of rumen function on fibrous diets and examined the effect of protein and\or energy supplementation (using soyabean meal, which is 85 % digestible in the rumen) on rice and barley straw. Since barley straw has a lower OM digestibility than rice straw (in this study), we chose to supplement it with molasses meal, a source of readily available energy.
It is postulated that the data obtained will further our understanding of the animal and food factors which affect the intake and utilization of low quality roughage and how these could be manipulated to increase livestock production during the dry season.
MATERIALS AND METHODS

Animals, housing, foods and feeding
A four-period experiment was conducted using four Japanese Corriedale wethers with a mean body weight of 41 kg (range 38-45 kg). Each animal was kept in an individual metabolism crate throughout the experimental period. The crates were positioned in a well lighted and ventilated building. Crates were constructed in such a way that they allowed eating, drinking and other possible animal movements, except turning around during the recording of jaw movement. A 10-day adjustment period allowed the animals to become accustomed to the rumination harness and foods. Treatment diets included rice straw alone (RSA), rice straw supplemented with 150 g soyabean meal (RSS), barley straw supplemented with 157 g molasses meal (BSM) and barley straw supplemented with 66 g molasses and 105 g soyabean meal (BSS). Basal foods were fed ad libitum and foods were always offered to the animals in exactly the same way as during the experimental period. Fresh foods were offered in equal amounts for the morning (08.30 h) and evening (16.30 h) meals, allowing proportional refusals of 0n20 of that offered. Water was available ad libitum and the animals had unrestricted access to a multi-mineral salt block (Nippon Zenyaku Kogyo Co Ltd, Fukushima, Japan) which was placed in each foodbox. The required vitamins (AFRC 1993) were also supplied on a daily basis.
Experimental design and procedure
Four sheep were used in four 22-day periods in a 4i4 Latin square design experiment. The first 10 days of each experimental period were used as a preliminary period. Rumination measurements were taken between the 11th and 15th days. Apparent digestibility was measured at the end of rumination measurements for each food and total collection of faeces and urine was done for another 7 days.
Measurement of rumination behaviour
During the preliminary period, a rumination harness (Harumoto & Kato 1978) was strapped to the mouth of each sheep so that animals became familiar with it and eating was not affected. Each harness contained a strain gauge (3 cm in length ; San-ei Instrument Co Ltd, Japan) which was positioned below the lower jaw and connected to an amplifier mounted outside the cage. Jaw movements of each animal were transformed by the strain gauge into electrical impulses which were amplified and plotted as amplitudes by a four-pen electronic chart recorder (Rikadenki Kogyo Co Ltd, Tokyo, Japan) attached to the amplifier. Rumination plots appeared on the recording chart as discrete blocks (boli) separated by short gaps and were distinguishable from the continuous plot representing eating (Fig. 1) . On the 11th day, a speed of 1 cm\min was set on the chart and readings were taken for 96 h to measure eating and rumination variables such as rumination index (rumination time\100 g DM intake). The recording speed was then changed to 6 cm\min for the remaining 24 h to measure number of chews per bolus, chewing rate and cyclic rate (the average duration in seconds from the beginning of one bolus to the beginning of the next (Gordon 1955)).
The information gained was interpreted so that the time spent eating, eating rate, rumination or idling times (min\24 h), duration of each rumination period, number of rumination periods per day, number of boli regurgitated per day, number of boli per rumination, bolus time (in sec), number of chews per bolus and chewing rate (chews\min) were established. 
Intake and sampling
Representative samples of the foods fed were taken at the beginning and at the end of the experiment, bulked and subsampled to obtain 200 g for dry matter (DM) and chemical analyses. Samples of the refusals and undercrate residues from previous meals were removed from the feeding troughs and weighed before sampling. Approximately 50 g of each food residue was collected. This sampling exercise was repeated for the digestion trial described below. The samples were then stored at k20 mC before analysis. Morning and evening refusals were recorded separately. The difference between the amount offered and amount left uneaten was taken to be the quantity consumed by the animal.
In-vivo apparent digestibility
The diets to be measured were offered at c. 0n90 of the ad libitum intake between the 16th and 22nd days. Total daily faecal samples (mean 500 g) were collected per animal and dried at 60 mC for 48 h after which they were weighed and stored in airtight polythene bags. At the end of the trial, the samples were bulked and mixed thoroughly to obtain representative samples for the determination of the apparent digestibility of dry matter (DMD) and organic matter digestibility (OMD). Digestibility was then calculated by difference. Urine was collected in containers containing H # SO % (10 % v\v) maintaining a pH of 3n5. Individual urine samples (c. 200 g) were taken daily and stored at k20 mC and bulked before subsampling at the end of the experiment. Nitrogen digestibility and retention were also calculated by difference.
Chemical analysis
Dry matter (DM) was determined by drying the foods at 60 mC for 48 h. Ash content was determined by ashing in a muffle furnace at 550 mC for 4 h (AOAC 1984) . The nitrogen content of the feeds, faeces and urine was determined by the Kjeldahl method. Acid detergent fibre (ADF) and neutral detergent fibre (NDF) were determined according to the method of Goering & Van Soest (1970) . Total volatile fatty acids (VFA) were determined by gas chromatography according to the method of Erwin et al. (1961) .
Statistical analysis
Means were calculated for each diet and statistical analysis was performed on these means by one-way analysis of variance using the General Linear Models procedure of the Statistical Analysis System package (SAS 1985) .
RESULTS AND DISCUSSION
The basal rations contained high concentrations of crude fibre (384 g and 328 g\kg DM for barley and rice straw, respectively) but had low total crude protein contents (25 and 36 g\kg DM for barley and rice straw, respectively), an established characteristic of low quality roughage. The chemical composition of the other ingredients used in formulating the diets, soyabean meal and molasses meal, are as shown in Table 1 . Similar nutritive values have been reported elsewhere (McDonald et al. 1981 ; AFRC 1993) . Digestibility of organic matter was significantly (P 0n05) improved by soyabean meal (SMB) supplementation from 527 g\kg DM in the RSA diet to 616 g\kg DM in the RSS diet. Fibre digestion was also significantly (P 0n05) improved by supplementation. Concentration of total VFA was only significantly (P 0n05) improved for the RSS diet (723 m) and significant differences (P 0n05) 2 n 2 1 n 8 1 n 9 0 n 10 Number of RP per day 18n5 1 8 n 5 1 7 n 4 1 7 n 4 0 n 32 Duration of each RP (min) 34n1 3 1 n 8 2 6 n 7 2 5 n 9 1 n 54 Rumination time (min\day) 630n9 588n3 464n6 450n7 44n80 Rumination time\100 g NDF intake 152n4 8 2 n 3 131n4 108n1 15n09 Rumination Index (min)* 112n5 6 7 n 2 8 2 n 9 6 8 n 5 10n53 * Rumination time per 100 g DM intake.
also occurred for nitrogen retention between diets. Nitrogen digestion was also improved, ranging from 237 to 751 g\kg DM in the RSA and BSS diets. Improved digestion, production of ruminal fermentation products and nitrogen retention, through supplementation, was probably due to increased consistency in chewing during eating and rumination resulting in increased supplies of substrates for ruminal fermentation (Table 2) . Animals on the RSA and BSM diets spent less time eating and ate at a slower rate (1n8 g DM\min) than those on the SBM-supplemented diets (RSS and BSS). Eating time values reported in this study (Table 3 ) are in agreement with the observations of Dulphy et al. (1980) , who reported eating times ranging from 200 to 400 min per day in sheep. The difference in eating time between the RSA and BSM diets, although not significant (P 0n05), was probably because of the increased energetic efficiency and palatability due to molasses supplementation in the BSM diet. There were no significant differences (P 0n01) in the number of rumination periods per day (mean 18) among the treatment diets. This is in agreement with most research findings reported in the literature (Harumoto & Kato 1978) . Campling et al. (1962) and Fujihara (1980) reported that the number of rumination periods per day in cows and in sheep was almost the same for both silage and hay, irrespective of intake. The same conclusion was also reached by Pearson & Smith (1994) , using buffalo and cattle fed on barley straw. When expressed per 100 g NDF intake, the time spent ruminating was also reduced considerably in this experiment, probably due to increased DM intake which, in turn, was also influenced by supplementation. This conclusion is supported by Harumoto & Kato (1979) and Bae et al. (1981) . Both authors observed, in separate studies, that rumination time per kg NDF intake decreased as hay intake increased while Harumoto & Kato (1979) observed a decrease in eating time per kg NDF intake. Rumination index (time spent ruminating per 100 g DM intake), which also defines rumination efficiency, was significantly reduced (P 0n05) by SBM supplementation in sheep fed the RSS diet, but the reduction for the BSS diet was not significant (P 0n05) ( Table 3 ). The rumination index is reported to be highly influenced by the physical and chemical quality of the food (Dryden et al. 1995) . Accordingly, rumination index values were lower in SBM-supplemented diets in comparison to unsupplemented straw. Fujihara & Nakao (1984) reported no significant increase in rumination index of sheep fed hay supplemented with a high quality Number of boli regurgitated per day 520 530 421 447 26n88 Number of boli per rumination period 29n0 3 1 n 6 2 5 n 8 2 6 n 7 1 n 30 Bolus time (s) 64n0 4 9 n 0 4 6 n 0 5 2 n 5 3 n 94 Number of chews per bolus 70n1 5 9 n 8 6 4 n 7 5 6 n 3 3 n 02 Chewing rate (chews\min) 68n0 7 3 n 5 7 3 n 7 7 4 n 6 1 n 50 Cyclic rate* 71n2 6 1 n 1 6 2 n 5 6 2 n 2 2 n 34 * Time spent ruminating per total number of boli regurgitated in a day.
protein source in the form of casein. Silage diets also have a lower rumination index than hay. Rumination index, and thus food ingestive behaviour, could therefore be positively manipulated in ruminants through strategic supplementation with protein and energy-rich concentrates or forage management and preservation techniques, to ensure DM intake and digestibility of low quality roughage. Although the duration of each rumination period was not significantly different (P 0n05) between diets, this variable is more a function of the number of boli per rumination period than of time spent ruminating. The SBM-supplemented diets (RSS and BSS) had higher numbers of boli per rumination period than their corresponding counterparts without SBM (RSA and BSM respectively ; Table 4 ), an indication of a higher frequency of rumination activity in SBM-supplemented animals, although the differences were not significant (P 0n05). Harumoto & Kato (1979) reported similar responses in sheep. Although the number of boli regurgitated per rumination period was not significantly (P 0n05) affected by supplementation, energy supplementation significantly (P 0n05) reduced the number of boli regurgitated per day to 421 and 447 in the BSM and BSS diets, respectively (Table 4) . Number of chews per bolus was highest in the RSA diet but chewing rate was not significantly (P 0n05) affected by supplementation with either molasses meal or soyabean meal in the other diets. The higher number of chews per bolus for the RSA diet than for the other diets is an indication of more work in chewing each bolus. Results from this experiment show that, while the number of boli regurgitated per day and chewing rate increased, the number of chews per bolus decreased for the SBM-supplemented diets. This could be the major factor contributing to the reduced rumination index for these diets (Table 3 ) and, therefore, less work done in comminuting food.
Cyclic rate (time spent ruminating per total number of boli regurgitated in a day) was significantly reduced (P 0n05) in all diets compared to RSA (Table 4) . Cyclic rate has been defined as the average duration in seconds from the beginning of one bolus to the beginning of the next (Gordon 1955) . In the present experiment, cyclic rate tended to be lower for the supplemented diets. According to Gordon (1955) and Fujihara & Nakao (1984) , a shorter cyclic rate implies a faster rate of reticulo-ruminal contraction. The higher intake associated with supplemented diets could have resulted from the faster reticulo-rumen contractions.
On the whole, a larger increase in rumination activity was observed between animals fed the RSA and RSS diets than between BSM and BSS. This is an indication of the importance of an initial external source of nitrogen in the nutrition of rumen microbes. According to Semiadi et al. (1994) , the higher frequency of rumination activity could be expected to lead to a more efficient rate of particle breakdown, a faster rate of rumen content turnover and to increased saliva production (and hence rumen-N recycling) and therefore, high DM intake. This experiment demonstrates that sheep fed on poor quality roughage spend less time eating and more time ruminating per 100 g NDF intake. They also had higher chewing and rumination efficiencies than animals fed on similar supplemented diets. However, supplementation of low quality roughage has a positive effect on rumination characteristics by reducing the chewing effort and increasing DM intake, DM digestibility and the production of ruminal fermentation byproducts. Supplementation with food providing readily available nitrogen seems to be more crucial than providing energy only, indicating that microbial growth is more dependent on external N than on energy sources. The practical implication of the results from this study is that, through strategic supplementation, DM intake and digestion can be enhanced by reducing the ingestive and rumination effort associated with low quality roughage intake. Further work is, however, recommended to compare supplementary feeding with concentrates, alkaline treatment and other methods, using rumination behaviour to see which method is most economical and effective in improving ruminant productivity.
